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ABSTRACT 

We present the results of an intermediate resolution (~ 2 A) spectroscopy 
of a sample of 37 candidate Lya blobs and emitters at redshift z = 3.1 using 
the DEIMOS spectrograph on the 10 m Keck telescope. The emission lines are 
detected for all the 37 objects and have variety in their line profiles. The Lya 
velocity widths (FWHM) of the 28 objects with higher quality spectra, measured 
by fitting a single Gaussian profile, are in the range of 150 — 1700 km s~^ and 
correlate with the Lya spatial extents. All the 12 Lya blobs (> 16 arcsec^) 
have large velocity widths of > 500 km s^^. While there are several possible 
physical interpretations of the Lya velocity widths (motion of gravitationally- 
bound gas clouds, inflows, merging of clumps, or outflows from superwinds), the 
large velocity widths of the Lya blobs suggest that they are the sites of massive 
galaxy formation. If we assume gravitationally-bound gas clouds, the dynamical 
masses of the Lya blobs are estimated to be ~ 10^^ — 10^^ Mq. Even for the case 
of outflows, the outflow velocities are likely to be the same order of the rotation 
velocities as inferred from the observational evidence for local starburst galaxies. 

Subject headings: cosmology: observations — galaxies: evolution — galaxies: 
formation — galaxies: high-redshift — galaxies: starburst 
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1. INTRODUCTION 

Lja blobs (LABs) are diffuse, large and radio-quiet Lja nebulae often discovered in 
galaxy overdense regions at high redshifts (Keel et al. 1999; Steidel et al. 2000, hereafter 
SOO; Francis et al. 2001; Palunas et al. 2004; Matsuda et al. 2004, hereafter M04). Recent 
observations revealed that a significant fraction of LABs has large luminosity of infrared 
dust continuum emission (Chapman et al. 2001; Small et al. 2003; Dey et al. 2005; Geach 
et al. 2005; Colbert et al. 2006) and that some LABs have large (> 1000 km s"^) Lya 
velocity widths (SOO; Ohyama et al. 2003; Bower et al. 2004; Dey et al. 2005; Wilman et al. 
2005). Although their physical origins are still unclear, three models have been proposed, 
(i) photo- ionization by hidden AGNs or starbursts (SOO; Chapman et al. 2001; Busu-Zych 
& Scharf 2004; Furlanetto et al. 2005), (ii) Lja cooling radiation by gravitational heating 
(Haiman et al. 2000; Fardal et al. 2001; Dijkstra et al. 2005), and (iii) shock heating by 
starburst driven galactic superwinds (Taniguchi & Shioya 2000; Ohyama et al. 2003; Mori 
et al. 2004). 

On the other hand, a large number of compact Lya emitters (LAEs) have been dis- 
covered (Cowie & Hu 1998; Fynbo et al. 2003; Ouchi et al. 2003; Shimasaku et al. 2004; 
Hayashino et al. 2004). Their compact morphology suggests that they are small building 
blocks of galaxies (Pascarelle et al. 1998). Their faint rest frame optical luminosity suggests 
that they are young or have small stellar masses (Yamada et al. 2001). They do not show 
large infrared luminosity (De Breuck et al. 2004). They show narrow (a few hundred km 
s~^) Lya velocity widths (Hu et al. 2004; Dawson et al. 2004; Venemans et al. 2005). Giant 
LABs such as discovered in SOO are known to be 20 — 40 times larger than typical compact 
LAEs. However, M04 revealed the existence of a large number of slightly smaller and fainter 
blobs that show rather continuous distribution in Lya spatial extents between giant LABs 
and compact LAEs. It is thus also important to understand the relation between LABs and 
compact LAEs in order to reveal the nature of LABs. 

In this letter, we report the results of an intermediate resolution (~ 2 A) spectroscopy 
of Lya sources ranging from giant LABs to compact LAEs at 2; = 3.1 in the SSA22 field. 
Matsuda et al. (2005) previously obtained 56 spectra for LAEs in the same field, but the 
depths and the spectral resolution were insufficient to examine their line profiles. We assume 
an Qm = 0.3, fl\ — 0.7 universe with Hq — 70 km Mpc~^ (1".0 corresponds to 7.6 kpc 
of physical length at 2; = 3.1). 
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2. OBSERVATIONS 

The spectroscopic targets were chosen from candidate Lja sources identified in M04. We 
briefiy describe the selection criteria below. We used narrow- band {NB A97; 4977A/77A) and 
broad-band images in the SSA22 field (a = 22^^17°^34^0, 6 = +00°17'01", [J2000]) obtained 
with the Suprime-Cam (Miyazaki et al. 2002) on the 8.2 m Subaru telescope. The average 
stellar profile of the images has a full width at half maximum (FWHM) of 1".0. The object 
detection was made on a continuum subtracted narrow-band (NBcott) image smoothed with 
a Gaussian kernel with a FWHM of 1" using a threshold of emission line surface brightness 
of 2.2 X 10~^^ ergs s~^ cm~^ arcsec"^. The magnitudes and colors are calculated by the same 
isophotal apertures determined on the smoothed NBcon image with the same isophotal 
limit as the detection threshold. We selected 277 candidate Lja sources, which satisfy the 
following criteria: (1) NB A97 < 25 AB mag, and (2) observed equivalent width EWohs > 80 
A (or Lya luminosity L{Lya) > 1.7 x 10^^ erg s~^ ai z — 3.1) (Fig. 1). We denote them 
as No. 001 through No. 277 in order of isophotal areas. The largest 35 candidates with 
isophotal areas > 16 arcsec^ (or > 900 kpc^ at z — 3.1) are identical with the LABs presented 
in M04. The candidates lying near the solid curve in Figure 1 (the expected values for point 
sources) are not resolved in the narrow-band image. We will call the smallest 129 candidates 
(No. 149 - No. 277) with the isophotal areas < 8 arcsec^, compact LAEs. 

We carried out spectroscopic observations of 37 out of the 277 candidates using the 
DEIMOS spectrograph (Faber et al. 2003) on the 10 m Keck II telescope in August 14-18 
2004 (UT). The 37 targets are widely distributed in isophotal areas (see Fig. 1). The field of 
view of a slit mask is about 5' x 16'. We used the 900 1/mm grism and the GG455 filter. The 
typical wavelength coverage is ~ 4550 - 7500 A. The slit widths for all objects are 1".0. The 
slit lengths range from 6" to 32" in order to obtain sky outside of their Lya spatial extents. 
The spectral resolution is 2.2 A at 5000 A or a velocity resolution of 125 km s~^. The pixel 
samphng is 0.44 A in wavelength and 0".12 in spatial direction. We used one sht mask in 
this observing run. Total exposure time was 7 hours with each 30 minutes exposure. The 
seeing ranged from 0".8 to 1".3. We reduced the data using spec2d pipeline. For analysis of 
integrated line profiles discussed in this letter, we made one dimensional spectra combining 
I'M X 1".0 around emission line peaks. While extended emission lines were clearly detected 
for some objects, a study of the faint outskirts with lower signal-to- noise ratio (S/N) needs 
further careful analysis and the results will be presented elsewhere in the future. The spectra 
are not fiux calibrated. 
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3. RESULTS 

We detected emission-lines for all the observed 37 spectra with peaks above S/N of 3 
per spectral resolution. The emission lines have variety in their line profiles (Fig. 2). For 
example, No. 004 has double peaks. The both blueshifted and redshifted emission lines 
have clear asymmetry. When we use statistics of line asymmetry^, ax and a/, proposed by 
Rhoads et al. (2003), the fines have values of ax — 0.33, af — 0.48 (the blueshifted line), 
and ax — 3.6, a/ = 4.5 (the redshifted line). These values show that the blueshifted fine 
has a steeper drop on the red side than the blue side, and the redshifted line has opposite 
asymmetry. Thus, it is reasonable to interpret them as a relatively broad emission line with 
a single narrow absorption. No. 031 has line profile similar to tfiat of No. 004. Similar line 
profiles were also reported for LAB2 in the same field (Wilman et al. 2005), z ~ 3.1 LAEs 
around a radio galaxy (Venemans et al. 2005) and radio galaxies at z ^ 2.5 — 4 (Wilman et 
al. 2004). No. 030 has a single peaked emission line with a strong absorption on the blue 
side {ax — 2.2, a/ = 1.9). No. 103, 151 and 241 have symmetric single narrow emission fines 
{ax — 0.7 — 1.3, af — 0.7 — 1.0). Although these fines do not show clear asymmetry often 
seen in Lya emission fines at higher redshifts (e.g. Hu et al. 2004; Dawson et al. 2004), 
this may be due to the fact that the effect of absorptions by intergalactic H I clouds on the 
blue side of Lya line is weaker at 2; ~ 3 (Songaila et al. 2004). These spectra show no other 
emission lines to suggest that the identified lines are not Lya. The spectral resolution of 
2.2 A is sufficient to resolve foreground [O II]AA3726, 3729 doublets if tfiere are. Only one 
object (No. 237) turns out to be a 2; = 0.33 [O II] emitter, as it fias very narrow double 
peaked emission lines with the separation of ~ 4 A, and [O III]AA4959, 5007 and H/3 at 
longer wavelength (Fig. 3). No. 053 and 070 have the broadest emission fines and show 
C IV emission lines at longer wavelength. Their broad Lya emission lines are likely to be 
due to AGNs in the objects. 

We examined the entire velocity widths of the Lya emission lines by fitting a single 
Gaussian function. We used only emission line part (i.e. within ~ ±4 times the dispersion 
of the Gaussian function), and masked possible absorption lines as shown in Figure 2. If 

the spectra show double peaks, we masked the region between the peaks. We then studied 
the distribution of Lya velocity widths of 28 objects with peaks above S/N of 6 per spectral 
resolution without 2 AGNs. They have the velocity widths (FWHM) in the range of 150 — 
1700 km s~^, with a median of 550 km s~^. The widths are corrected for the instrumental 



^Thc "wavelength ratio" is defined as a\ = (Aio,r — Ap)/(Ap — Aio.b) and the "flux ratio" as a/ = 
^"'"^ dX/ J^^^ ^ dX, where Xp is the wavelength of the peak of the emission line, and Aio,fc and Aio,r are the 
points at which the line flux exceeds 10% of the peak on the blue side and the red side respectively. 
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resolution. The 12 LABs have the widths of > 500 km s~^, with a median of 780 km s~^. The 

7 compact LAEs have the widths of < 700 km s~^, with a median of 280 km s~^. Venemans 
et al. (2005) reported that z ^ 3.1 LAEs around a radio galaxy have the widths in the 
range of 120 — 800 km s~^, with a median of 260 km s^^. These values are very similar to 
those of our compact LAEs. We plot the Lya velocity widths and the Lya isophotal areas 
in Figure 4. There is a correlation between the velocity widths and the isophotal areas. A 
Spearman rank correlation analysis shows that the correlation has = 0.59 and significance 
level of 99.9%. The uncertainties of velocity widths by the fit are shown in Figure 4. We also 
estimated the uncertainties of the isophotal areas as follows. We put 40" x 40" NBcorr images 
of each object at 100 random positions on the original NBcorr image and re-measured the 
isophotal areas. Note that the derived uncertainties of the isophotal areas may be slightly 
overestimated because the re-measured isophotal areas were affected by combinations of noise 
from the thumbnail images of the objects and the original NB ^orr image. 



We found the correlation between the Lya velocity widths and the Lya isophotal areas 
and that all the LABs have the widths of > 500 km s~^. There are several possible physi- 
cal interpretations of the Lya velocity widths; motion of gravitationally-bound gas clouds, 
inflows, merging of clumps, or outflows from superwinds. 

We consider the first case that the Lya velocity widths are due to motion of gravitationally- 
bound gas clouds within collapsed dark matter halos. If we assume random motions in a 
singular isothermal sphere (p oc r~^), the dynamical mass can be estimated to be M^yn — 
SaV/G, or 



where a is one dimensional velocity dispersion, G is the gravitational constant and r is the 
radius of Lya nebulae. When we use the radius of a circle with area which is equivalent 

to the Lya isophotal area, the dynamical masses of the 12 LABs are estimated to be 5 x 
10"*^^ — 2 X 10^^ Mq (Fig. 4a). The mass estimation suggests that LABs already have their 
massive halos comparable to those of present day massive galaxies. If wc consider inflows 
or merging of clumps, the gas clouds or clumps may have not yet been accelerated enough 
in the gravitational potential of dark matter halos. In these cases, the mass estimation may 
give lower limits. 

We consider the next case that the Lya velocity widths are due to gas outflows from 
superwinds. In this case, the velocity widths may not represent the masses of the objects. 



4. DISCUSSION 




(1) 
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Heckman et al. (2000) reported that there is no tight correlation between the rotation veloc- 
ities and the outflow velocities for low redshift starburst galaxies. Martin (2005), however, 
recently revisited the issue and revealed a correlation with a larger sample. If the same cor- 
relation holds at high rcdshifts, Lja sources with larger velocity widths would have larger 
dynamical masses. If we assume outflows from a central starburst, we can also estimate 
the characteristic time-scales of star-formation by their spatial extents and typical outflow 
speeds. If we divide 2r by the Lya velocity widths, the time-scales are estimated to be in 
the range of 3 x 10^ — 10^ yr (Fig. 4b). Note that the time-scales are only upper limits 
for unresolved compact LAEs. Geach et al. (2005) suggested that the LABs have average 
star-formation rate of ~ 10^ Mq yr~^ by their sub-mm observations. If the LABs have con- 
tinuous star formation at this rate for several xlO^ yr, they would have large stellar masses 
of several xlO^° Mq. 

Thus the large velocity widths of LABs imply that they are indeed hosted in the massive 
systems. Their large spatial extents, large Lya luminosity, and rather chaotic structures seen 
in their line profiles, as well as high sub-mm detection rate, also support that they are in 
active forming phase. 
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Fig. 1. — Distribution of Lya isophotal area and Lya average surface brightness for candidate 
Lya sources. The dots show the 277 candidates. The large open squares show the 37 
spectroscopic targets. The filled squares show the 28 Lya sources which show Lya emission 
lines with S/N>6 per spectral resolution of 2.2 A. The filled triangles show AGNs at 2; = 3.1. 
The open circle shows a [O II] emitter at z = 0.33. The long dashed lines correspond to the 
Lya luminosity of 10^^, 10"^^ and 10^^ ergs s~^. The short dashed horizontal fines show the 
sample thresholds of the isophotal areas of 16 arcsec^ for LABs and 8 arcsec^ for compact 
LAEs. 



-10- 




4900 



4950 5000 
Wavelength (Angstrom) 



5050 



Fig. 2. — Examples of 1 dimensional spectra of Lya sources. The solid curves show the best 
fit Gaussian profiles. The thick bars show masked regions. 
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Fig. 3. — A spectrum of a foreground [O II] emitter ed, z — 0.33 in the spectroscopic sample. 
The spectral resolution of 2.2 A is sufficient to resolve [O II]AA3726, 3729 doublets. 
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Fig. 4. — Distribution of Lya isophotal area and Lya velocity width (FWHM). The filled 
squares show 28 Lya sources with the Lya emission line peaks above S/N of 6 per spec- 
tral resolution of 2.2 A. The short dashed horizontal lines show the sample thresholds of the 
isophotal areas of 16 arcsec^ for LABs and 8 arcsec^ for compact LAEs. {left panel ) The long 
dashed lines show the estimated dynamical masses of 10^^, 10^^, 10^'^, 10^'* Mq assuming mo- 
tion of gravitationally-bound gas clouds, {right panel ) The dashed lines show the estimated 
time-scales of star-formation of 10^, 10®, 10^ yr assuming outflows from superwinds. 



